Abstract: A micromechanical capacitive accelerometer system is analyzed in this paper, which includes a high-Q sensing element and a high-order switched-capacitor (SC) sigma-delta ΣΔ CMOS interface circuit. The high-Q high-order topology obtained a sub-µg/√Hz noise floor. The loop stability is implemented by the operation of electrostatic feedback force, heavy phase compensation and the off-chip adjusting of distributed-feedback factors. The interface circuit is implemented in a standard 0.5 µm CMOS process. The system consumes 12 mW from a single 5 V supply with the noise level of lower than 400 ng/√Hz. The system bandwidth is 600 Hz and the input range of the accelerometer is ²0.7 g. The measured sensitivity of 2.5 V/g is achieved.
Introduction
High-performance micro-electro-mechanical-system (MEMS) accelerometers are being used in various consumer market and military applications such as inertial navigation and guidance, GPS-aided navigators, tilt control and platform stabilization, and high-resolution capacitive accelerometers gain growing popularity in recent years for their low noise, low power consumption, low cost and high sensitivity [1, 2] . Low-noise sensor elements with high quality factor (high-Q) are necessary to achieve high-resolution accelerometers targeted for high-performance applications, and a vacuum-packaged bulk micromachined accelerometer usually has a Brownian noise of lower than 1 µg/ p Hz [3, 4, 5] . Therefore, properly designed interface electronics are desired to be optimized to minimize the noise floor. In order to achieve excellent low-noise performance, a high-Q sensor element with the use of high-order topology is preferred. This paper combines the highorder and high-Q characters to achieve a low-noise micromachined accelerometer, aiming to get a high bandwidth and low power dissipation.
Sensing element and system
A bulk micromachined accelerometer can be treated as an equivalent half-bridge model, and the acceleration-to-displacement transfer function of mechanical sensing element is presented as
where w 0 , Q and b are the fundamental frequency, the quality factor and damping coefficient, respectively. w 0 and Q are presented by w o ¼ ffiffiffi b . k and m are the spring constant and the proof mass. An improved distributed-feedback and feedforward (DFFF) topology of a fifth-order micromechanical capacitive accelerometer system is proposed in this work to make it suitable for a high-Q sensor element. The system shown in Fig. 1 includes a heavy compensation with a transfer function of H c ðzÞ ¼ 1 À 0:9z À1 in discrete-time z-domain, which is used to stable the system by positioning the zeros closer to the open-loop poles of the filter, resulting in an increase of the amount of phase lead [6] . In Fig. 1 , H mz is the transfer function of sensor element in discrete-time z-domain, K V=a is the voltageto-acceleration transfer function and K x=V is the displacement-to-voltage transfer function. Those transfer functions are shown as:
where V s is the reference voltage, and C f is the integration capacitance of the charge sensing circuit. f a1 , f a2 , f a3 ð0:5; 0:3; 0:2Þ are the feedforward gains, k 1 , k 2 , k 3 ð1=2; 1=3; 1=2Þ are the gains of integrators, and f b1 , f b2 ð0:4; 0:5Þ are the distributed-feedback factors. The element sensor parameters depend on Ref. [7] , and the interface parameters are decided by calculation and Matlab simulation [8] .
Interface circuit
The differential front-end circuit and timing diagram are presented in Fig. 2 and Fig. 3 , respectively. Two reference capacitors are used to form a balanced fullbridge configuration with the sensor element. The reference capacitance Cr is 180p. The displacement of the proof mass causes the change of charge, and then it is amplified by the charge sensitive amplifier (CSA). The operational amplifier (OPA) of CSA is a fully differential single-stage folded-cascode amplifier with a SC feedback circuit, which is helpful to decrease the power dissipation, and this topology is also utilized in the following integrators, but due to the capacitor scaling technique, the bandwidth and gain of the OPA in the integrator is scaled down. The integration capacitance of CSA (C f ) is 10 pF, and a smaller C f results in a higher gain and therefore lowers input-referred noise. However, large sensor parasitic and loop stability set a lower limit for C f [6] . The OPA consumes a low power of 6 mW from a single supply of 5 V. CDS technique is used to reduce the low-frequency noises and OPA offset. The cycle of time-multiplexer clocks is 4 µs. The OPA consumes a power of 1 mW. The schematic diagram of the back-end circuit is presented in Fig. 4 . The sampling capacitance of the first integrator is 2 pF, and those of the second and third integrators are scaled down to reduce the power dissipation. The non-overlap clocks P1, P2 and P1d, P2d are shown in Fig. 4 , and P1, P2 are turned off earlier than the delay clocks P1d, P2d to decrease the charge injection of switches. Generally, non-inverting and inverting SC integrators are required to generate the delays in the model shown in Fig. 1 . However, an inverting SC integrator imposes no delay on the signal pass, so a high performance OPA is required. By changing the distribution of clocks (shown in Fig. 4) , three non-inverting SC integrators are employed to generate two half-delays on the signal pass, thus the requirements for the OPA of integrators are relaxed. The OPA in the integrator has a differential single-stage folded-cascode topology, and the three OPAs consume a power of 2 mW in all. The phase compensator H cmp is a passive filter and shown in [6] , which is parasitic-insensitive and advantageous in power dissipation. The 1-bit quantizer is composed of a dynamic comparator and a CMOS latch, which controls the 1-bit DAC output. The feedback voltages are fed back to the sensor element's electrodes to push the proof mass to the null position during the force feedback phase. Multibit quantizer can reduce the quantization noise and ease the stability problem, but most microaccelerometers are nonlinear, which is due to the reason that the feedback force is a nonlinear function of the distance between electrodes. Although some methods can be applied to reduce the nonlinearity, complex circuit and more power dissipation are necessary.
Measurement results
The interface circuit was fabricated in a standard 0.5 µm two-metal two-poly n-well CMOS process. Fig. 5 shows the micrograph with the main blocks highlighted, and the active area measures 6 mm 2 . A high-Q capacitive bulk microaccelerometer is wire-bonded to the chip. The sensor operates from a single 5 V supply, which is provided by Agilent E3631, so the reference voltages are designed to be 0 V and 5 V, respectively. The sampling clock is generated by an on-chip frequency divider from an off-chip 2 MHz clock source. The system consumes 12 mW with a sampling frequency of 250 kHz.
The closed-loop sensitivity test is performed on a dividing head. The measured sensitivity is 2.5 V/g with a dc non-linearity of 0.17%. The digital output sequence is captured by Agilent Logic analyzer 16804A, and MATLAB program for signal processing is used. The measured PSD of the closed-loop fifth-order AEÁ micromachined accelerometer is illustrated in Fig. 6 by performing the accelerometer with a simple mass-spring system, and the slope of the quantization noise is −100 dB/dec, which indicates fifth-order noise shaping ability [8] . It indicates that the noise level is lower than 400 ng/ p Hz and the average noise equivalent acceleration density is 200 ng/ p Hz over a bandwidth of 600 Hz. The input range of the accelerometer is AE0:7 g, which is limited by the power supply. The measured specifications of the AEÁ micromachined accelerometer are compared with previously reported electromechanical AEÁ modulators based on a representative figure of merit (FOM) (shown in Table I ), which is given by [9] :
where P is the power dissipation, a n is the noise floor, and BW is the signal bandwidth. This work has moderate power dissipation and signal bandwidth, and a low noise floor is achieved, resulting in a better FOM compared with other excellent works. 
Conclusion
The implementation of a AEÁ SC accelerometer utilizing a high-Q sensor element was presented. Three additional integrators followed the front-end to provide highorder noise shaping. The phase compensator, together with the adjustable distributed-feedback factors, contributed to a stable closed-loop high-order high-Q system. The system (includes the sensor element and the interface circuit) draws 2.4 mA from a 5 V supply and has a noise floor of lower than 400 ng/ p Hz over a 600 Hz bandwidth. 
